Measurements of the London penetration depth, ∆λ(T ), and tunneling conductance in single crystals of the recently discovered stoicheometric, iron -based superconductor, CaKFe4As4 (CaK1144) show nodeless, two effective gap superconductivity with a larger gap of about 6-9 meV and a smaller gap of about 1-4 meV. Having a critical temperature, Tc,onset ≈ 35.8 K, this material behaves similar to slightly overdoped (Ba1−xKx)Fe2As2 (e.g. x =0.54, Tc ≈ 34 K)-a known multigap s± superconductor. We conclude that the superconducting behavior of stoichiometric CaK1144 demonstrates that two-gap s± superconductivity is an essential property of high temperature superconductivity in iron -based superconductors, independent of the degree of substitutional disorder.
Iron-based superconductors (IBS) are represented by a diverse group of different structural families all containing iron layers, which are believed to play the key -role in superconductivity with the superconducting transition temperature, T c , ranging from 2 to 56 K [1] [2] [3] . Most of these compounds contain fractional amounts of different ions forming superconducting "domes" as a function of the composition, resulting in complex phase diagrams and very rich physics [4] [5] [6] [7] . The highest T c is found at fractional compositions, which unavoidably have finite degrees of substitutional disorder. This represents a serious problem in understanding the pairing mechanism that is ultimately responsible for the high T c 's, because, in materials with anisotropic or sign -changing gaps, any disorder represents extra difficulty to quantify pairbreaking effects, in addition to non-spin-flip scattering [8, 9] . Among the few of stoichiometric IBS, KFe 2 As 2 (T c ≈ 3.6 K), LiFeAs (T c ≈ 18 K), FeSe (T c ≈ 9 K in bulk crystals at ambient pressure) and FeS (T c ≈ 5 K), the recently discovered CaKFe 4 As 4 (CaK1144) clearly stands out with a substantially higher value of T c,onset ≈ 35.8 K and H c2,c ≈71 T [10] [11] [12] . In addition, CaK1144 does not undergo a structural phase transition, sometimes associated with the appearance of internal strain and twinning in these materials. Indeed, one could consider the 1:1 ratio of Ca and K simply as an ordered stoichiometric subsititution of Ca for K at 50 % "doping" level. It is thus interesting to compare CaK1144 with hole-doped (Ba 1−x K x )Fe 2 As 2 (x =0.54 in this study) which has a similar T c of 34 K [13] but is randomly disordered on the single (Ba/K) site.
In this paper, the superconducting gap structure of CaKFe 4 As 4 (CaK1144) was studied by measuring the temperature induced variation of the London penetration depth, ∆λ(T ), and the tunneling conductance at low temperatures, both of which probe the density of states (DOS) near the Fermi level, E F . The penetration depth shows saturation at low temperatures and the tunneling spectra exhibit a clear gap in DOS around E F . In-depth data analysis leads to conclusion that CaK1144 has two effective superconducting gaps. The smaller gap is in the range of 1 -4 meV and the larger gap is between 6-9 meV. The sizeable spread is characteristic of superconductors showing different magnitudes of the superconducting order parameter over the Fermi surface. The larger ratio of the maximum to minimum gap values leads to the overall behavior quite similar to the overdoped (Ba 1−x K x )Fe 2 As 2 with x = 0.54, but different from the optimally -doped (Ba 1−x K x )Fe 2 As 2 with x = 0.35 − 0.4 where this ratio is about 2 [13, 14] .
Single crystals of CaKFe 4 As 4 were synthesized by high temperature solution growth out of FeAs flux, see Ref. [11] for details of the synthesis and comprehensive structural, thermodynamic, transport, magneto-optical and spectroscopic characterization. Due to complexity of the growth and potential for unwanted phases, each sample used in the present study was individually screened to be single phase. To this end, the in-plane four-probe resistivity was measured using a Quantum Design Physical Property Measurement System (PPMS) in each sample of typical dimensions of approximately 2 × 0.5 × 0.02 mm 3 and we checked that selected samples showed no extra features except for the superconducting transition, see Fig. 1 (c). These samples had R(300 K)/R(40 K) of the order of 15 (compare to 7 of optimally -doped (Ba 1−x K x )Fe 2 As 2 ).
The in-plane London penetration depth ∆λ(T ) was measured using a self-oscillating tunnel-diode resonator (TDR) where the sample is subject to a small, 20 mOe, AC magnetic field and the recorded resonant frequency shift from the value of the empty resonator is proportional to sample's magnetic susceptibility, determined by λ and sample shape. Detailed description of this technique can be found elsewhere Ref. [15] [16] [17] .
For the STM experiment, the sample was mounted onto a sample holder and a piece of brass was glued on top arXiv:1606.06245v1 [cond-mat.supr-con] 20 Jun 2016 of it. At liquid helium temperature, the sample holder was moved towards a copper beam, lifting off the glued brass piece [18, 19] and leaving a freshly cleaved surface for tunneling. The base temperature of this experiment was 800 mK. The energy resolution of the spectroscopy was of 13 µeV [18, 20] , well below the temperature induced smearing, which is of order of 70 µeV. We found flat surfaces, although we did not obtain atomic resolution. A clear signature of the superconducting gap was found consistently over the whole surface, as discussed below. Tunneling conductance, normalized above the superconducting gap was obtained by making a numerical derivative of the tunneling current vs. voltage curves. , which exhibits a nodal gap (from our earlier work, Ref. [21] ) and two compositions of (Ba 1−x K x )Fe 2 As 2 (from our previous work, Ref. [13] ) with x =0.35 exhibiting two isotropic gaps (optimally doped, T c ≈ 39 K) and x =0.54 that shows no nodes, but increased anisotropy in at least one of the gaps (over-doped, T c ≈ 34 K). Symbols are described in the caption. To numerically characterize the low temperature behavior, we developed a kind of quasiparticle spectroscopy in which we fit the data using different upper limits of the fitting range, T max , thus effectively cutting off the quasiparticles with energies exceeding k B T max (note that throughout the paper we use k B = 1). First, in Fig. 1(b) we characterize the curvature of ∆λ(T ) by using power -law fitting, ∆λ = C 1 + C 2 (T /T c ) n . More details of the procedure are given in our previous study [13] . The exponent n =1 would correspond to the clean limit of line nodes, whereas the exponent n =2 is the maximum possible value, reached in the dirty limit of either symmetry -imposed line nodes or sign-changing, but fully gapped, s ± pairing. In case of a nodeless s ++ gap, both clean limit and non-magnetic dirty limit for either single band or multi -band superconductivity, ∆λ(T ) is exponential at low temperatures [22, 23] . This would correspond to large values of n >3-4. We find the values of n clearly exceeding n = 2 ruling out a nodal gap. Moreover the exponent n vs. T max /T c in CaK1144 follows almost exactly the behavior found in the overdoped BaK122 (x =0.54), which is also seen directly in Fig. 1(a) . This behavior is consistent with s ± pairing with two nodeless gaps [13] .
To probe the spectroscopic gap in the density of states (which is generally different from the magnitude of the order parameter due to scattering [24] ) we use the low -temperature Bardeen-Cooper-Schrieffer (BCS) asymptotic behavior expected for the penetration depth, ∆λ = C 1 + C 2 πδ/2t exp (−δ/t), where C 1 , C 2 and δ ≡ ∆ (0) /T c and t = T /T c [17] . Figure 2 shows an example of a good -quality fitting with T max /T c = 0.14. By plotting δ versus the upper fit limit, T max /T c , we expect a saturation when the fit becomes truly exponential indicating a clean gap in the density of states. Indeed, upper inset in Fig. 2 shows such saturation below T max /T c ≈0.14 at δ ≈ 0.32 ≈ 1 meV. Simultaneously, the quality of the fit becomes better and saturates, indicated in the lower inset in Fig. 2 , by the lowest value of the reduced χ 2 = (f data − f f it ) 2 /DOF , where the number of degrees of freedom, DOF =(number of data points) -(number of free parameters). In Figure 3 we show representative tunneling conductance spectra at 800 mK from several locations on the sample surface. All tunneling conductance curves systematically show a negligible density of states close to the Fermi level. Curves, to varying degrees, show two features at about 3 meV (corresponding to 0.54∆(0)/T c if ∆(0)/T c =1.76, -a single gap weak coupling value) and 8 meV (1.45∆(0)/T c ). Along a given flat surface, the conductance curves show the same shape, with two clear features. However, when changing the tunneling plane through a roughly unit-cell-high step, the relative size of each feature in the tunneling conductance changes. This shows that the contribution from different parts of the Fermi surface strongly depends on fine details of the surface being tunneled into. To characterize the observed distributions of gap sizes, we have convoluted a density of states of the form ∆i γ i
with the derivative of the Fermi function to obtain the tunneling conductance [25] [26] [27] . The set of ∆ i , γ i that best reproduces the observed curves gives the lines in Figure 3 . The γ i as a function of the ∆ i are shown in the lower right inset. The gap distribution shows two peaks around 3 and 8 meV, in agreement with penetration depth results, which, depending on the model, give 2.0-2.4 and 6.0-9.6 meV. There is thus a sizeable spread of gap sizes over the Fermi surface. These values are also in a reasonable agreement with the values inferred from the superfluid density, discussed next.
The superfluid density ρ s ≡ (λ(0)/λ(T )) 2 can be obtained from λ(T ), provided we can estimate the absolute value of λ(0). The TDR technique is suitable for the precision measurements of the changes in the penetration depth [28] , but not the absolute value. We use two approaches to estimate λ(0). First, thermodynamic Rutgers relation is used to estimate Ginzburg-Landau parameter κ GL = λ GL /ξ GL [11, 29] :
where the jump of the specific heat, ∆C =9.6 J/mol K = 8.32×10 5 erg/cm 3 /K (using molar volume of 115.4 cm 3 /mol) the slope of the upper critical field (measured parallel to the c−axis) at T c , dH c2,c /dT =-4.4×10 4 Oe/K [11, 12] . Eq. (1) gives κ GL ≈60. As shown from the detailed analysis of H c2 (T ), due to a very short coherence length, ξ (0) = φ 0 /2πH c2 (0) ≈ 2.15 nm (H c2 (0) ≈ 71 T), CaK1144 appears to be in the clean limit [11, 12] . Therefore, we can use clean-limit relation, κ (0) = 1.206κ GL = 68.7 from which λ (0) = ξ (0) κ (0) ≈ 148 nm. Alternatively, we can estimate To further discuss multiband superconductivity, we fit the superfluid density, ρ s (T ), to a two-band γ−model [30] . The two values of the order parameter are calculated self-consistently at each temperature. We use the relative contribution, γ, from one band (and 1 − γ from the second) as another fit parameter, the total superfluid density is computed. We obtained a very good agreement in the entire temperature range with the order parameters shown in the inset in Fig. 4 . At very low temperature superfluid density deviates a little, either due to some anisotropy of one of the bands or, more likely, residual scattering. In the fit, we obtained ∆ 1 (0)/T c = 1.92, ∆ 2 (0)/T c = 0.64, so that ∆ 1 (0)/∆ 2 (0) = 3.0, which is a factor of 2.0 larger than that found for BaK122 [13] . In energy units, we obtain ∆ 1 (0) = 5.92 meV and ∆ 2 (0) =1.97 meV. Furthermore, fitting with interbandonly s ± model was previously used to analyse the H c2 data [12] . Figure 4 shows our attempt to fit ρ s (T ) to interband -only (pure s ± ) model by a dashed line. The result is quite reasonable, although not as good as the full fit described above. Here we obtain two gaps of 2.4 meV and 9.6 meV. As shown in the inset, these values are in a good agreement with 3 meV and 8 meV obtained from the STM experiments.
In the case of γ− model fitting, the main uncertainty comes from insufficient information on the real electronic band structure. Calculations show three hole-like bands and two electron-like bands with distinct 3D character of the outer hole-like sheet [31] . Partial densities of states, Fermi velocities (or better plasma frequencies) are required as input. For the present analysis we fixed equal DOS on each effective band, n 1 = n 2 = 0.5 and obtained from the fitting, λ 22 =0.35, λ 12 =1.13 and γ = 0.56. For the full fit we chose λ 11 =0.85 to produce correct transition temperature assuming characteristic energy scale of a superconducting interaction of the order of Debye temperature T D =300 K (determined as a fitting parameter from specific heat measurements [11] ). Here, λ ij is the symmetric interaction matrix (we show absolute values here), see Ref. 17 and 30 for details. For pure s ± , interband-only pairing, we obtained λ 11 = λ 22 =0, λ 12 =1.55, γ = 0.65 and n 1 = 0.89. These two fits give limiting cases and will be refined when electronic bandstructure parameters are available. Importantly, we demonstrate that our data are described by two effective superconducting gaps very well. The fitting shows significant interband pairing strength and quantitatively agrees with independent STM studies. Recent angleresolved photoemission spectroscopy finds larger than BCS weak-coupling limit superconducting gaps, isotropic in the ab−plane [31] . More detailed studies in the rest of the Brillouin zone for all Fermi surface sheets are needed to fully determine all the gaps, especially the small ones, which must exist to reconcile with our observations.
In conclusion, precision measurements of the London penetration depth and low temperature STM spectroscopy show unambiguously a fully gapped multiband superconductivity in single crystals of CaKFe 4 As 4 . Analysis with two effective gaps gives small gap in the range of 1-4 meV and the large gap is between 6-9 meV. The overall behavior is quite similar to optimally doped (Ba 1−x K x )Fe 2 As 2 with x = 0.54. Notably, while the overall spread of gap values (mostly given by the difference between the averages of the two ranges of gap sizes) is lower in the presence of substitutional disorder (i.e., in BaK122), the s ± physics with two effective gaps is clearly present in stoichiometric and substituted systems with high T c 's.
We 
